In this paper, macroporous glycidyl methacrylate and ethylene glycol dimethacrylate copolymer functionalized with diethylene triamine (PGME-deta), was evaluated as Reactive Black 5 (RB5) sorbent. Batch RB5 removal from aqueous solution by PGME-deta was investigated by varying pH, contact time, sorbent dosage, initial dye concentration and temperature. The sorption is pH sensitive having maximum at pH 2 (dye removal of 85%), decreasing with the increase of pH (dye removal of 24% at pH 11) after 60 min. Sorption kinetics was fitted to chemical-reaction and particle-diffusion models (pseudo-first-, pseudo-second-order, intraparticle diffusion and Mckay models). The pseudo-second-order kinetic model accurately predicted the RB5 amount sorbed under all investigated operating conditions, while the intraparticle diffusion was the dominant rate-limiting mechanism. The diffusion mechanism was more prevalent with the decrease in temperature and the increase in concentration. The isotherm data was best fitted with the Langmuir model, indicating homogeneous distribution of active sites on PGME-deta and monolayer sorption, with the maximum sorption capacity of 353 mg g -1 . The calculated sorption rates improved with increasing temperature and an activation energy close to 40 kJ mol -1 was determined, suggesting that chemisorption was also rate-controlling.
Surface and groundwater pollution by industrial waste is widespread in highly industrialized countries due to direct discharge of such effluents into water bodies or by precipitation of air-borne pollutants into surface waters [1] . In general, dyes are the most easily detected pollutants in the industrial effluents since they are innately highly visible, meaning that concentrations as low as 0.005 mg dm -3 will seize the attention of public [2] . There is a variety of synthetic dyes appearing in the effluents of wastewaters in numerous industries such as textiles, leather, paper-making, plastics, food, rubber, pharmaceuticals and cosmetics with annual production of 7×10 8 kg [3] . Reactive dyes, the most frequently used due to their bright colors, excellent colorfastness and ease of application pose a serious threat to human health due to their carcinogenic, mutagenic and toxicological effects on organisms [4] . The presence of small amounts of dyes in water blocks the passage of light and significantly affects photosynthetic activity in aquatic life [5] . The current estimation is that 2% of dyes are discharged directly in aqueous effluents during the production process of these dyes [6] .
Methods for dye removal from dye-containing industrial effluents generally include chemical (oxidative processes, use of Fenton's reagent, ozonation, photochemical and electrochemical destruction), physical (sorption, membrane filtration and electrokinetic coagulation) and biological methods (decolorization by microbial cultures and sorption by living/dead microbial biomass) [6] . Sorption techniques have gained favor recently due to their efficiency for the removal of persistent pollutants unaffected by the conventional methods. Decolorization is the result of two mechanisms: sorption and ion exchange [7] , influenced by dye/sorbent interaction, sorbent surface area, particle size, temperature, pH, and contact time [8] . A wide variety of sorbents, like activated carbon and bone char [6, 9] , beet pulp carbon [10] , clay and peat [6] , fly ash [11] , chitin/chitosan [12, 13] , synthetic polymers [3] and others have been suggested for textile dye removal from wastewaters. Polymeric sorbents have been increasingly investigated as a potential alternative to activated carbon due their controllable pore structure, stable physical and chemical properties, as well as their ability to be regenerated and reused [14] . Macroporous hydrophilic copolymers based on glycidyl methacrylate, GMA, produced by radical suspension copolymerization as regular beads of required size and porosity are very attractive, since the epoxy group can be easily transformed under mild reaction conditions into amino, iminodiacetate, thiol, azole and pyrazole, pyridine groups, etc. The porous structure of these copolymers can be controlled and optimized by adjusting the reaction mixture composition [15] . Amino-functionalized GMA-based macroporous copolymers proved to be very useful for sorption of heavy and precious metals [16] , radionuclides [17] and textile dyes [3, 18, 19] .
In this paper, macroporous copolymer of GMA and ethylene glycol dimethacrylate, EGDMA (PGME) additionally functionalized via ring-opening reaction of the pendant epoxy groups with diethylene triamine (PGME--deta), was tested as Reactive Black 5 (RB5) sorbent. The effects of the pH, sorbent dosage, contact time and temperature on the sorption properties of PGME-deta in RB5 removal from aqueous solutions were studied in order to evaluate this material as a potential dye wastewater sorbent. Sorption kinetic data were analyzed using four kinetic models (pseudo-first, pseudo-second--order, intraparticle diffusion and Mckay models) to determine the best fit equation for RB5 sorption by amino-functionalized PGME.
MATERIALS AND METHODS

Materials
All the chemicals used for copolymer synthesis were analytical grade products and used as received: glycidyl methacrylate (Aldrich, Germany), ethylene glycol dimethacrylate (Aldrich, Germany), diethylene triamine (Sigma-Aldrich Chemie GmbH, Germany), 2,2'-azobisiso-butyronitrile, AIBN (Aldrich, Germany), poly(N-vinyl pyrrolidone) (Kolidon 90, BASF, Fine chemicals, Switzerland), cyclohexanol (Sigma-Aldrich Chemie GmbH, Germany) and dodecanol (Sigma-Aldrich Chemie GmbH, Germany). Synthetic textile dye, Reactive Black 5 (Alfa--Aesar, USA) having chemical purity of ca. 55% was used without further purification as test dye.
Methods
The epoxy group content in the synthesized PGME was determined by HCl-dioxane method [20] . The amino-functionalized sample was analyzed for carbon, hydrogen and nitrogen content using the Vario EL III device (GmbH Hanau Instruments, Germany). The degree of conversion of the epoxy groups and the amino group concentration in PGME-deta were calculated from elemental analysis data. The pore size distribution was determined by mercury porosimetry (Carlo Erba 2000, Milestone 200 software). The sample was dried at 323 K for 8 h and degassed at room temperature and pressure of 0.5 Pa for 2 h.
The pH drift method [21] was used to determine the pH at point zero charge (pH PZC ) of the PGME-deta surface using 20 cm 3 of 0.01 M NaCl in a series of Erlenmeyer flasks, where the pH values were adjusted using 0.1 M NaOH and 0.1 M HCl in the range between 2 and 12 with a Jenway 3320 pH meter. The initial pH of the solutions (pH i ) was determined and 50.0 mg of the polymer was added to each of the flasks. The mixtures were shaken for 24 h and the final pH values of the solutions (pH f ) were measured. pH PZC was recorded as the pH value in which the initial pH equals the final pH [22] .
Preparation of poly(GMA-co-EGDMA) and functionalization with diethylene triamine
Macroporous PGME sample was prepared by radical suspension copolymerization of GMA and EGDMA, in the presence of inert component (90 mass% of cyclohexanol and 10 mass% dodecanol) as described previously [23] . Particles with diameters in the range 0.15--0.30 mm were functionalized with diethylene triamine. A mixture of 3.6 g of PGME, 15.7 g of diethylene triamine and 100 cm 3 of toluene was left at room temperature for 24 h then heated at 353 K for 6 h. The modified sample was filtered, washed with ethanol, dried and labeled as PGME-deta (additional label -deta designates sample functionalized with diethylene triamine) [24] .
Dye sorption experiments
The sorption of RB5 by PGME-deta was investigated in aqueous solutions in batch mode, either in a thermostated shaker (Memmert WNE 14 and SV 1422) or in a Pyrex beaker (thermostated by Julabo F 25 with circular heater and cooler) which was equipped with a magnetic stirrer. The same volume of the solution (50.0 cm 3 ) was used in all the experiments. The effects of pH and sorbent dosage were investigated at the initial dye concentration c 0 = 50 mg dm -3 and room temperature (298 K) using magnetic stirring. The pH value was adjusted by addition of the appropriate amounts of 1 M HCl or 1 M NaOH.
Magnetic stirring was also used for the investigation of the influence of the initial dye concentration (c 0 , 30--150 mg dm -3 ) at 298 K. For contact time studies the samples were taken at predetermined time intervals (10, 20, 30, 60, 120 , 180 min and 24 h). The effect of temperature on the sorption was evaluated with the selected initial dye concentrations (c 0 , 50-90 mg dm -3 )
at four different temperatures (288, 298, 308 and 318 K), up to 24 h. Sorption isotherms were obtained in the shaker, by placing 25.0 mg of copolymer in contact with a series of RB5 solutions in the concentration range 175-1500 mg dm -3 , at room temperature and unadjusted pH. Equilibrium time was 24 h.
The amount of dye sorbed by the sorbent at time t, Q t (mg g -1 ), was calculated by the following mass balance relationship:
Where: c t is dye solution concentrations (mg dm -3 ) after sorption time t, V is the volume of the aqueous phase (dm 3 ) and m is the amount of the PGME aminofunctionalized beads used for the experiment (g).
The solution samples were withdrawn at the specified time intervals, dye solution was centrifuged and the absorbance of the supernatant solution was measured. The spectra were obtained using Thermo Electron Nicolet Evolution 500 UV-Vis spectrophotometer and the absorption peak of RB5 at 597 nm was chosen for monitoring the sorption process.
Standard statistical methods were applied to calculate the mean values and standard deviations for each set of data. All experiments were repeated in triplicate or more if necessary. Relative standard deviations were less than or equal to 5%.
RESULTS AND DISCUSSION
Characterization of sorbents
Relevant physicochemical characteristics of amino--functionalized copolymer sample PGME-deta are given in Table 1 . The degree of conversion of 40% was expected, since similar values were already obtained for reaction with ethylene diamine (50%), and triethylene tetramine (31%) [24] . The porosity parameters, i.e., the values of specific pore volume (V s ) average pore diameter (D av ) and pore diameter which corresponds to half of pore volume (D V/2 ) were read from the pore size distribution curves, while the specific surface area (S s , Hg ) was calculated as the sum of incremental specific surface areas from the pore size distribution curves as described in the literature [25] .
Effect of pH
The initial pH of the sorbate/sorbent system is a critical process parameter because the aqueous chemistry and the surface binding sites of the sorbent are dependent on the pH value of the mixture. The sorption of dye ions on the sorbent surface is primarily influenced by the surface charge of the sorbent, which in turn is influenced by the solution pH. The effect of the solution pH on the dye uptake can be rationalized on the basis of pH PZC of the copolymer [26] . pH PZC by definition is the value of pH when the overall charge on the sorbent surface is zero. This is a convenient indicator of either positive or negative charge of the sorbent surface as a function of pH. When the pH value of the mixture of PGME-deta and RB5 solution is lower than pH PZC , it means that the sorbent surface is positively charged. If the pH of the mixture is higher than pH PZC , the surface would be negatively charged.
The RB5 dye is an acidic dye with a complex molecule (Scheme 1) that consists of two benzene rings and one naphthalene ring, incorporating two azo (chromophore) groups, accountable for the coloring, and auxochrome and anti-auxochrome groups (sulpho, amino, hydroxyl, methyl, etc.), which contribute to the richness of the color [27] . Two sulfonate groups and another two sulfatoethylsulfone group are negatively charged even in very acidic solutions, as a result of their pK a < 0 [28] . The effect of pH on the RB5 sorption by PGME-deta and the pH PZC of PGME-deta is shown in Fig. 1 . The size of the dye molecules and its ability to form negatively charged species have an effect on its sorption from solution onto the sorbent [1] . The pH values in this experiment were varied between 2 and 11, keeping other parameters constant. The pH PZC of PGME-deta determined by the pH drift method was approximately 7.7 ( Fig. 1) . Consequently, at acidic pH values, there is attraction between the PGME-deta particle with its protonated amino groups and the negative RB5 dye ion. As long as the RB5 solution pH < pH PZC , its surface would bring an overall positive charge. However, there is significant dye removal at pH < pH PZC . Accordingly, electrostatic attraction mechanism must be included as a significant but not the only factor in RB5 sorption by PGME-deta. Özcan and Özcan previously established that at strongly acidic pH values exists a major electrostatic attraction between the positively charged sorbent surface and anionic dyes [29] . In contrast, negatively charged sorbent surface sites do not promote the sorption of dye anions, due to the electrostatic repulsion. In a highly acidic solution (pH 2), a high concentration of positively charged protonated amino groups exists on the surface of PGME-deta, and interaction occurs with four negatively charged sulfonic groups of RB5 (85% dye removal). At pH values around 11, negatively charged hydroxyl ions compete with the dye resulting in the inhibition of RB5 sorption on PGME-deta surface and a low percent removal was noted (24%). The exceptionally slow decrease in dye removal in the pH range of 4-8 (from 75 to 71%) might be associated with the fact that the sorption mechanisms above mentioned are affected indistinctively by a change of pH in this region [22] . The pK a value of amine groups typically lies within the range 8-11 [30] , implying that the amine groups are fully protonated at pH < 5 and that the extent of protonation slowly decreases with the increase in pH, accounting for the phenomenon. It is very likely that predominantly hydrogen bonds are being formed between dye molecules and neutral amino groups at pH values higher than 8 [17, 30] .
Considering that the main goal of this research was synthesis of a sorbent for purification of the dye production industry wastewaters which already have fluctuating pH values, pH adjustment of the working solution would mean an additional operation which would increase the procedure cost and cause an ecological problem. Therefore, the further sorption investigations were carried out at the unadjusted pH value of 5.5, being less efficient but satisfactory. The usual pH values in surface water systems fall between 6.5 and 8.5 and for groundwater systems between 6 and 8.5 [31] , thus these conditions appear to be quite close to optimal for effluent treatment due to the near neutral pH of the final discharge after sorption.
Effect of sorbent dosage
In order to determine the optimal quantity of PGME-deta required for RB5 sorption, the influence of sorbent dosage and sorption capacity after 60 min (Q 60 ) on dye removal was investigated at room temperature and presented in Figure 2 .
As can be seen, the RB5 removal was observed to be dependent on the PGME-deta dosage. The percent of dye removal sharply increased from 0.1 up to 1.0 g dm -3 , and for higher sorbent doses it reached the plateau of 100% dye removal. In contrast, as expected due to the variation in the concentration gradient, the sorption uptake increased with decreasing PGME-deta dosage, and the maximum sorption capacity of 86 mg g -1 was obtained for 0.1 g dm -3 . The increase of percent dye removal with the increased sorbent dosage can be ascribed to the enhanced sorbent surface area and the availability of more sorption sites with the increase of sorbent content, thus leading to a higher interaction between PGME-deta particles and RB5 molecules [32] . For further experiments, the mass of 25.0 mg, i.e., the dose of 0.5 g dm -3 of PGME-deta was chosen for the purpose of comparison with previous results and reducing the cost of the potential practical application [18] .
Effect of contact time
Since dye sorption is a time-dependent process, the effect of contact time on the amount of RB5 sorbed by PGME-deta ( Figure 3 ) was investigated.
The rate of RB5 removal by PGME-deta was high initially and the process then gradually slowed down. The time profile of dye sorption by PGME-deta was a single continuous curve leading to saturation, suggesting the possible monolayer coverage of RB5 on the sorbent surface [33] . With the increased initial concentrations the saturation was reached at prolonged sorption times. For c 0 = 30 and 50 mg dm -3 , the sorption equilibrium was reached after 180 min, while for the higher initial concentrations the time necessary for equilibrium attainment was prolonged to 24 h.
As an illustration, in Table 2 are presented the data on removal efficiency (RE) for selected initial concentrations. 
Effect of temperature
Kinetic studies were also carried out at different temperatures (288-318 K) and the sorption process was found to accelerate with increasing temperature ( Figure 4 ). It was also observable from the graphs that the half-life of each process decreased with increasing temperature, which verified that the continuing process was of endothermic nature.
As an illustration, the data on RE for the initial concentration of 90 mg dm -3 is presented in Table 3 . The equilibrium sorption capacity of RB5 on PGME-deta was not at all affected by temperature in the investigated concentration range (50-90 mg dm -3 ), inside the experimental error. However, for higher temperatures the equilibrium sorption capacity was achieved faster. It should be noted that 100% RE was achieved for all three initial concentrations at all four temperatures within 24 h. 
Sorption dynamics
The sorption kinetics is essential for implementation since it controls the overall process efficiency and provides insight into sorption mechanism.
Surface reaction-based models
Since the pseudo-first (PFO) and the pseudo-second-order (PSO) kinetic models are the most commonly used to determine kinetic parameters of sorption processes for various solute/sorbent combinations, the kinetic data in this study were treated with both models [34, 35] . The integrated rate laws for pseudofirst-order and pseudo-second-order reactions in linear form are presented in Eqs. (2) and (3) ). The values for Q e , k 1 and k 2 , h, as well as the corresponding coefficients of determination (R 2 ) for each initial dye concentration are presented in Table 4 and for each temperature in Table 5 . The values for k 1 were calculated from the plots of log(Q e -Q t ) vs. t for each initial dye concentration, while k 2 and h were calculated from the t/Q t vs. t plot. The compliance of experimental data with the model-predicted values was judged against the R 2 values. Also, the values of Q e obtained from the experimental data were compared with those calculated from PFO and PSO reaction kinetic plots. Table 4 illustrates that k 1 and k 2 changed with variation in concentration of the dye in solution. However, according to the Arrhenius equation the rate constant of a reaction changes only with change in temperature kinetics, and it never varies with differing concentrations of reactant species [36] . PSO generated higher R 2 values (≥0.999) than PFO model for all investigated concentrations and temperatures and the predicted values of Q e calc agreed well with the experimental values. From this it can be inferred that the kinetics of this sorbate/sorbent system is accurately described by this model at all time intervals, indicating that the sorption rate is controlled by both the sorbent capacity and the sorbate concentration. It was noted that the value of the rate constant k 2 decreases with increasing initial RB5 concentration (Table 4) . With the increase in concentration, the trend becomes more obvious, but then levels of at approx. 110 mg dm -3 . The explanation for this behavior can be the lower competition of the dye species for the sorp-tion surface sites at lower dye concentrations. Decreased sorption rates at higher concentrations result from the heightened competition for the surface active sites [22] , except in the case of the formation of dye molecule aggregates, which reduces the effective concentration of the sorbate species in the solution.
Namely, dye ions tend do aggregate or to self-associate in aqueous solutions [37] . The almost complete formation of dimers occurs even at very low dye concentrations (10 −4 -10 −6 M) before subsequent aggregation takes place; it happens initially between dimeric units and then proceeds onto higher order aggregation [38] . Szyguła and associates established that the strongly acidic sulphonic groups reacted with the protonated amino groups of chitosan and that the dye removal was higher the greater the number of sulphonic groups in the dyes [27] . Their findings confirmed that in comparison with other sulphonic group-containing dyes, RB5 needed a lower number of amine functionalities for neutralizing sulphonic groups of the dye, in all probability as a result of dye aggregation.
Based on the PSO model the half-life of RB5 sorption by PGME-deta (t 1/2 ) is inversely related to the product of the sorption capacity of the sorbent and PSO constant, i.e., the initial sorption rate [39] :
The t 1/2 gradually increased from 7 min for c 0 = 30 mg dm -3 to 35 min for 110 mg dm -3 and then decreased to 29 min for 130 mg dm −3 and 14 min for 150 mg dm −3 (Table 4) , possibly due to dye aggregation at higher concentrations as stated above.
Raising temperature also led to a significant increase in the initial sorption rate (h) and considerable decrease in t 1/2 , being the lowest (5 min) for 50 mg dm -3 at 318 K, which may indicate a kinetically controlled process. However, the sorption capacities at 180 min are nearly the same at 288 and 318 K for this concentration, implying the possible presence of other rategoverning processes (Table 5) . It is furthermore noteworthy that for 90 mg dm -3 , t 1/2 decreased from 33 min for 288 K to only 13 min at 318 K.
The fitting of parameters of the sorption kinetic data to the PSO kinetic model allows exploration of the temperature effect on the values of the sorption rate constant (k 2 ). The values for R 2 for RB5 removal by PGME-deta were ≥0.999 indicating that the PSO model is appropriate for description of the effect of the solution temperature on the process kinetics (Table 5) . This fact is an additional confirmation that chemisorption was the rate-limiting step, within the confines of the mass transfer in the sorption systems [40] . The k 2 values decreased with the decline in temperature and the half-life of the process was delayed for lower temperatures. This indicates that the RB5 surface sorption step is not the only rate-controlling in the sorption process and that the improvement in the rate of RB5 removal as the temperature increases may be due to the increased movement of the dye molecules as the solution temperature increases, which in turn enhances the RB5 diffusion from the bulk solution to the sorbent external and internal surface [41] .
Apparent activation energy of sorption
The activation energy for the RB5/PGME-deta sorption system can be determined from the linearized Arrhenius equation:
where A is the temperature independent factor (frequency factor) (g mmol -1 min -1 ), E a is the activation energy (kJ mol -1 ), T is the temperature (K) and R is the universal gas constant equal to 8.314 J mol -1 K -1 . The lnk 2 vs. 1/T plot was observed to be linear with acceptable R 2 values for the investigated dye concentrations and E a values for the studied sorption system were calculated from the slopes. These parameter's values may provide insights into the sorption mechanism. The calculated values of activation energy ranged from 28.3 to 39.2 kJ mol -1 for the investigated RB5 concentrations (50-90 mg dm -3 ). These relatively small values of the activation energy (below 42 kJ mol -1 ) corroborate the fact that the process of RB5 removal by use of aminofunctionalized macroporous PGME is diffusion-controlled, i.e., the chemical step is faster in comparison with the mass transfer of RB5 molecules the inside the copolymer pores [42] .
Particle diffusion-based models
Recognizing the mechanism of sorption, that is, the reaction at the surface (physical or chemical) as well as the rate controlling mechanism is significant. Generally, when microporous/mesoporous/macroporous sorbents are used, the rate controlling mechanism is strongly dependent on either pore or surface diffusion [9] . In order to determine whether the process rate in the studied sorption system is directed by film or pore diffusion, the intraparticle and Mckay's models were applied:
A classical approach to examine the influence of intraparticle diffusion is plotting the equation [29, 43] :
where k id is the intraparticle diffusion coefficient (mg g -1 min -0.5 ), and c id is a constant.
In the case of a linear Q t vs. t 1/2 plot, and if the line passes through the origin, intraparticle diffusion is the only rate-controlling step [33] . If not, some other mechanisms are also involved.
Weber and Morris model [43] allows interpretation of intraparticle diffusion (IPD) in 3 different forms [44] : 1) Q t is plotted against t 1/2 to obtain a straight line that is forced to pass through the origin [45] ; 2) multi-linearity in Q t vs. t 1/2 plot is taken into account (i.e., 2 or 3 steps are included to follow the whole process) [46] ; and 3) Q t is plotted against t 1/2 to get a straight line but does not automatically pass through the origin; i.e., there is an intercept [47] . In the literature, virtually all the described intercepts are positive, implying that rapid sorption takes place within a short period of time [44] .
The first method was used to process the collected data in this study. The plot of the square root of time (t 1/2 ) vs. the uptake (Q t ) for the RB5 sorption ( Figure 5 ) resulted in a linear relationship, implying that one of the rate-limiting steps of sorption may be intraparticle diffusion.
There are opinions in the literature that multi-linear Q-t 1/2 plots might be the consequence of the distinctive phases in intraparticle diffusion. Assorted studies considering sorbents with extensive pore size distribution demonstrated that multi-linear plots might represent the stages of intraparticle diffusion into the macro-, meso-and microporous structure of sorbent [48, 49] . The first phase could be assigned to the sorption over the outer surface and in the macropores of polymeric sorbents, rendering it the fastest sorption stage. The second stage could be attributed to the intraparticle diffusion through mesopores, while the third could be regarded as the diffusion through micropores, and, of course, it is followed by the establishment of equilibrium. The third stage might be omitted or combined with the equilibrium attainment phase, if the sorbent in question is macroporous, as is the case with PGME-deta.
The sufficient macro-and mesopores of PGME-deta provided the effective diffusion channels for RB5 to sorption sites and enhanced the sorption kinetics. The diffusion resistance of sorbate in mesopores should be larger than in macropores.
From Figure 5 it can be appreciated that RB5 sorption tends to follow the following stages. The intraparticle diffusion model suggests that the film diffusion (stage 1) is absent from the plot due to completing before 10 min (the first recorded point), and that the final equilibrium sorption (stage 3) started after 120 to 180 min. The linear portion(s) included the intermediate sorption period, representing intraparticle diffusion and binding of RB5 by active sites in PGME-deta particles.
The intraparticle rate constants at different initial concentrations acquired from the slope of the plots were summarized in Table 4 . Higher initial concentration gave larger slope. A number of investigations reported previously the variation of intraparticle diffusion rate constant as a normal phenomenon [44] due to the change in diffusion driving force which is strongly dependent on the availability of sorbate per unit mass of the sorbent [50] . High initial k i values may be attributable to a large number of vacant sites available at the early stage with respect to initial dye concentrations, resulting in an increased concentration gradient between sorbate in solution and sorbate on the sorbent surface. Later on this concentration gradient diminishes due to accumulation of dye particles in the vacant sites, leading to a decrease in sorption rate.
The last portion (after 120-180 min, depending on the initial concentration and temperature, not shown (a) (b) Figure 5 . a) Plot of intraparticle diffusion model for sorption of RB5 on PGME-deta for different initial concentrations (30 in Figure 5 ) is the final equilibrium stage where the intraparticle diffusion in micropores begins to decalerate due to the extremely low solute concentration in solution [49] . The calculated R 2 values were high; thus it could be deduced that intraparticle diffusion seemed to be the most significant rate process controlling sorption of RB5 on PGME-deta.
If the external resistance to mass transfer surrounding the particles is dismissed, as has been proposed for other sorbate/sorbent systems [51] , the single plotted line will depict macropore and mesopore diffusion for concentrations 30-110 mg dm -3 (10-180 min); in the case of two discernible slopes (130 and 150 mg dm -3 ), the first one will correspond to macropore and the second to mesopore diffusion. The equilibrium is achieved probably through micropore diffusion. For the two above mentioned concentrations, the results showed that the diffusion rates decreased with increasing the contact time. Over time, the pores for diffusion become smaller, because the molecules of the dye diffuse into the inner structure of the sorbents, causing the decrease of the free path for the molecules in the pore as well as pore blockage [9] .
Cumulative pore distribution curve for PGME-deta determined by mercury porosimetry is presented in Figure 6 . In the case of PGME-deta only two sections are discernible for high initial concentrations (130 and 150 mg dm -3 ), since there are almost no micropores present in the sample; the fraction surface area of pores 7.5-50 nm in diameter is 46% and from 50-10000 nm is 54%. The fractional uptake of RB5 in the first linear region (macropore) is roughly 43%, and in the second linear region (mesopores) (53%). The remaining 4% can most likely be ascribed to the pores less than 7.5 nm in diameter which are not measurable by mercury porosimetry. Also, it needs to be taken into account that the cut-off value between macropore and mesopore diameter is merely arbitrary and does not reflect the pore size distribution shown in Figure 6 . Li and associates determined that the sorption of solute molecules can happen in pore diameters of 1.3--1.8 times the solute molecular width [52] . If a value of 1.6 times the molecular width is presumed, this implies a minimum pore sorbing diameter of 1.37 nm for RB5 as illustrated by Ip and associates [9] . In the case of PGME-deta this threshold value is amply surpassed, seeing that the average pore diameter is 50 nm ( Table  1) . The specific surface area of PGME-deta is quite low (53 m 2 /g, Table 1 ) in comparison with, e.g., active charcole and zeolites. At lower concentrations, the effect of pore distribution is not pronounced enough to yield two slopes, since the available dye is well below the concentration that instigates aggregation of dye molecules. The findings of Caceres et al. supported the supposition that this result may be due to the magnitude of the sorbent surface area [51] .
Further substantiation of the above remark was executed with the help of Mckay's graph based on the equation [53, 54] :
log (1 ) 2.303
where F is the fractional attainment of equilibrium at time t (min) and S is the rate parameter [53] . Tables 4 and 5 . It is remarkable that the linearity is maintained in the whole range of the time axis with intercepts close to 0 for most of the plots and thus can be deduced that the sorption rate of RB5 on PGME--deta is governed mainly by internal transport mechanism, i.e., pore diffusion, with minor influence of film diffusion. Both processes were enhanced with the increase of initial concentration and temperature.
Sorption isotherms
Equilibrium sorption data were fitted into Freundlich and Langmuir equations in order to determine model that is most appropriate to describe obtained results.
The linear form of the Freundlich equation [55] is as follows:
Where c e is the equilibrium dye concentration in solution (mg dm −3 ), while K F (mg g ) and n are the Freundlich sorption constants characteristic for the system.
The well-known linearized expression of the Langmuir model is [56, 57] :
e e e max L max
where Q max is the monolayer capacity of the sorbent
) and K L is the Langmuir sorption constant (dm
. The characteristics of Langmuir isotherm can be expressed by dimensionless constant called Langmuir equilibrium parameter R L given in Eq. 4 [57] :
The value of R L indicates the type of the isotherm either to be unfavorable (R L > 1), linear (R L = 1), favorable (0 < R L < 1) or irreversible (R L = 0). When the quantity of protonated amine groups was sufficient to completely neutralize the anionic charges on RB5, the removal of this dye reached a maximum [40] .
According to the results for coefficients of determination presented in Table 6 , Freundlich model is inapplicable in this case due to the very low R 2 value.
This value for Langmuir model is very close to unity and therefore correct for this system. At the same time, the value of R L = 2.88×10 -4 designates that this sorption process of RB5 by PGME-deta lies well within the favorable limits, and close to the irreverisible. The fact that the Langmuir isotherm fits the experimental data more appropriately indicates that the distribution of active sites by PGME-deta is homogeneous and that RB5 is sorbed as a monolayer.
Comparison with other sorbents
The literature data on RB5 removal includes a variety of sorbents, some of them were listed in Table 7 . However, diverse experimental conditions make direct comparison of the literature data difficult to achieve. Nevertheless, some of the results will be discussed.
The maximum sorption capacity, Q max (experimental or Langmuir) has been extensively taken as an indicator of the efficiency of a sorbent. The maximum RB5 sorption capacities of various sorbents lie in a wide range between 793 mg g -1 reported for high lime fly ash [11] up to approximately 774 mg g -1 for chitosan with amino and quaternary ammonium chloride groups [12] .
The maximum sorption capacity calculated from the Langmuir isotherm equation for sorption of RB5 on PGME-deta was 353 mg g -1 ( Table 7) . The maximum sorption capacities of analogous copolymers are as follows: 34.2 mg g -1 for chitosan [58] , 201.90 mg g -1 for chitosan hydrogel beads formed by alkali gelation (CB) [13] , 168.07 mg g -1 for chitosan hydrogel beads formed by sodium dodecyl sulphate gelation (CSB) [13] , 625 mg g -1 for chitosan/amino resin [12] and 484 mg g -1 for glycidyl methacrylate/methelenebisacrylimide resin loaded with tetraethelenepentamine (GMA/MBA-TEPA) [3] . For all materials listed in the previous sentence, the Langmuir model was the best fit for the equilibrium data, and the kinetic data was best represented by the pseudo-second-order model with the exception of CB and CSB where the pseudo-first-order model provided the most adequate representation. For GMA/MBA-TEPA [3] , chitosan/amino resin [12] and CB and CSB [13] it was also shown that the intraparticle diffusion may play a significant role in those sorption systems.
CONCLUSION
Removal of textile dye Reactive Black 5 (RB5) from aqueous solutions was studied using macroporous crosslinked glycidyl methacrylate based copolymer additionally functionalized with diethylene triamine (PGME-deta). The capacity of PGME-deta for RB5 sorption was tested with respect to pH, sorbent dosage, contact time and initial concentration. The functionalized sample showed affinity for RB5 sorption due to the presence of protonated amino groups that attract anionic sulfonate groups in the dye molecule and the possibility of hydrogen bonds formation between the sorbent and the sorbate. The sorption is pH sensitive having maximum at pH 2 and decreasing with the increase of pH. A very high maximum dye sorption removal of 85% was observed at pH 2, while only 24% of dye was removed at pH 11 after 60 min. Sorption kinetics study demonstrated that the sorption of RB5 by PGME-deta obeyed the PSO kinetic model, suggesting that the sorption rate is controlled by both sorbent capacity and sorbate concentration. The process mechanism dominantly consisted of intraparticle diffusion, with minor involvement of film diffusion.
These diffusion mechanisms were more prevalent with the decrease in temperature and the increase in concentration. The isotherm data was best fitted with the Langmuir model, indicating homogeneous distribution of active sites on the PGME-deta and monolayer sorption. The calculated sorption rates improved with increasing temperature and an activation energy close to 40 kJ mol -1 was determined, suggesting that chemisorption was also rate-controlling.
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